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ABSTRACT 

Carbon-carbon  billets  sometimes  experience  failure  <,u***'* 
fabrication.  In  order  to  underatand  the  stresses  c*u**"f 
failures,  we  have  modeled  the  elastically  anl*®^®P*c  Alternate 
an  assembly  of  very  thin-walled,  isotropic  cylinders.  Mternate 
cylinders  have  different  properties;  one  set  models  .ftropv' 
the  other  the  matrix.  The  assembly  has  cylindrical  anisotropy 
;«iit.  siSJle  calculation  of  the  thermal  stresses  of 

fabrication. 

The  stresses  ere  calculated  for-  the  bll1**  “£*-*r  ‘t'**'*'8  hav* 
been  filled  with  pitch  and  reheated.  The  benefit  of  adding 
circumferential  fibers  to  the  inner  and  outer  diameters  is  shown. 


NOMENCLATURE 


Symbols 

t  young's  Modulus,  Psi 

p  pressure,  Psi 

r  Radius,  in. 

p  Radius  after  heating,  in. 

c  Thickness,  in 

T  Temperature,  P  ......  .. 

at  Thermal  Expansion  coefficient,  /r 


Subscripts 


A 

C 

r 

i 

M 

n 

o 

R,rr 


Axial  direction  in  fiber  bundle. 
Circumferential  direction  in  billet. 


Fiber 

inside 

Matrix 

cylinder's  number 


outside 

Radial  direction  in  billet. 
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T  Transverse 

Z  Axial  direction  in  billet 

(n,n+l)  Inter-cylinder 

Superscripts 

E  Elastic  Effect 

T  Thermal  Effect 


INTRODUCTION 

Carbon-carbon  composites  may  have  some  structural  anomalies 
which  can  hinder  their  use  in  rocket  nozzles.  These  probably  can 
be  reduced  by  understanding  the  stresses  occurring  during 
processing  and  then  making  appropriate  processing  changes.  The 
purpose  of  this  study  was  to  develop  a  model  to  predict  the 
stresses  which  occur  during  processing  of  cylindrically  woven 
carbon-carbon  composites.  There  does  exist  very  sophisticated 
complex  programs  for  calculating  stresses  in  shapes  having 
cylindrical  symmetry  made  of  materials  having  cylindrical 
anisotropy.  These  programs,  called  DCAP  and  SAAS  I,  II,  III, 
have  complexities  that  discourage  their  use  for  the  much  simpler 
problem  considered  here  and  for  which  approximate  solutions  can 
be  useful. 

The  densif ication  process  of  the  billet  consists  of  repeated 
impregnation,  carbonization,  and  graphitization  using  pitch  as 
the  impregnant.  Upon  heating  to  the  first  graphitization 
temperature  of  5000°P  (2750°C) ,  because  of  the  differences  in 
coefficient  of  thermal  expansion  for  the  fibers  and  the  matrix, 
the  matrix  expansion  and  fiber  anisotropy  induces  tensile 
stresses  within  the  fibers  and  compressive  ones  in  the 
interstitial  matrix  pockets.  The  transverse  expansion  of  the 
fibers  and  also  the  expansion  of  the  matrix  pockets 

tends  to  close  the  cracks  generated  during  the  previous 
carbonization  cycle.  Both  the  radial  and  circumferential 
composite  expansion  are  higher  than  the  axial  expansion  of  the 
circumferential  fiber  bundles,  resulting  in  highly  stressed 
circumferential  bundles. 

Since  the  billet  is  kept  at  the  higher  graphitization 
temperature  for  a  matter  of  hours,  it  is  thought  that  it  becomes 
stress-free  at  that  temperature  due  to  creep.  Upon  cooling  from 
this  peak  temperature,  cracks  occur  in  the  matrix  from  thermal 
stresses  induced  by  the  anisotropic  contractions  of  fiber  bundles 
and  the  constraint  of  circumferential  fiber  bundles  which  have  a 
higher  elastic  modulus  and  lower  coefficient  of  thermal  expansion 
in  their  axial  direction  than  the  matrix.  The  matrix  is  stressed 
in  tension  since  it  tries  to  contract  at  a  much  higher  rate  than 
the  fiber  bundles.  This  results  in  cracks  occurring  between  the 
fiber  bundles  and  the  matrix  pockets 

The  cycle  is  repeated  in  order  to  fill  up  those  voids  which 
are  connected  by  the  cracks  generated  during  the  cooling  from  the 
previous  graphitization  step.  The  degree  of  penetration  depends 
upon  the  processing  conditions  such  as  crack  size,  crack  size 
distribution,  and  gas  permeability. 

PROCESSING  STRESSES 

During  the  fabrication  of  cylindrically  woven  carbon-carbon 
composites,  fractures  and/or  waviness  sometimes  occur  in  the 
circumferential  bundles.  The  large  scale  fractures  and  waviness 
which  may  be  catastrophic  are  caused  by  the  cylindrical 
anisotropy  of  the  thermal  expansion  and  of  the  elastic  moduli. 
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If  the  billet  was  reheated  to  the  previous  graphitlzation 
temperature  before  reimpregnation,  the  cracks  would  just  close 
and  the  billet  would  be  stress-free  as  it  had  been  at  the  end  of 
the  previous  graphitlzation  step.  However,-  if  the  cracks  are 
filled  with  pitch,  which  is  the  case  in  the  next  reimpregnation 
step,  very  high  stresses  would  occur  in  the  fiber  bundles  during 
reheating  to  the  graphitization  temperature.  The  high  transverse 
thermal  expansion  of  the  circumferential  fibers  as  well  as  that 
of  the  matrix  will  cause  a  high  tensile  stress  in  the 
circumferential  fibers  at  the  outer  radii  and  a  high  compressive 
one  at  the  inner  radii  of  the  billet. 


Stress  Calculations 

In  this  study  the  billet  is  modeled  as  an  assembly  of 
concentric  thin-walled  cylinders.  Alternate  cylinders  have 
different  properties:  one  set  models  the  fiber,  the  other  the 
matrix,  the  number  of  cylinders  modeling  the  fibers  are  equal  to 
the  number  of  layers  of  circumferential  wraps.  The  billet  used 
in  this  study  had  €0  cylinders  (numbered  from  one  to  60),  The 
odd  numbers  are  for  the  fiber  cylinders  and  the  even  numbers  the 
matrix  ones. 

The  anisotropy  stresses  can  be  found  by  giving  each  set  of 
cylinders  elastic  moduli  and  thermal  expansion  coefficients  which 
represent  the  fiber's  properties  and  the  other  the  matrix 
properties.  The  stresses  are  obtained  by  assuming  that  the 
properties  of  the  fiber  and  the  matrix  cylinders  will  not  change 
with  temperature  and  also  the  cylinders  are  Initially  in  stress- 
free  contact.  A  change  in  temperature  causes  the  cylindrical 
diameters  to  change  and  thereby  Introduces  inter-cylindrical 
pressures  throughout  the  billet  radii. 

Inter-cylindrical  Pressures  -  To  find  the  approximate  mean 
value  for  the  hoop,  ©■_  ,  and  radial  stresses,  <r  ,  along  the 
radius  of  the  billet,  one  needs  to  calculate  thftrpressure  at  each 
inter-cylinder  surface  and  use  the  following  equation 
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where  R  is  the  mean  radius,  t  the  thickness,  P.  the  internal 
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In  the  following  calculations  the  second  term  of  £q.  (1-a) , 
was  omitted.  It  has  influence  at  the  mid-radius  but  at  the 
outer  and  inner  radii  its  direct  effect  is  negligible.  It  might 
have  some  effect  on  the  calculation  of  the  circumferential  stress 
distribution.  Also  Poisson's  ratio  has  been  taken  to  be  zero. 

As  temperature  increases,  two  radial  changes  must  be 
considered: 

1)  free  thermal  changes  of  the  mean  radius. 
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2)  clastic  change  of  tha  naan  radius 


(3) 


where  a  is  the  coefficient  of  thermal  expansion, 
is  tne  pressure  difference,  and  the  t  is 
the  thickness  of  the  nin  cylinder. 
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The  relation  between  the  radii  of  the  two  neighboring  inter- 
cylinders  before  and  after  the  temperature  change  with  no  elastic 
constraint  are 


R(n+l,n+2>  *  R{n,n+1)  +  Si+l  before 
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where  R,  is  the  outer  radius  of  .. 

R n+i .  is' the1 inner  radius  of  the  (n+l) 
its' thickness  end  R*  the  radius  after  temperature  change. 


the  (n*l)th  cylinder, 
'en  cylinder  and  t 
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The  radius  of  the  inner  surface  of  the  (n«-l)th  cylinder  with  the 
thermal  and  elastic  strains  is 


R(n,n+1)  *  R(n,n+1)+4  Rtotal(n) 

APnRn2 

R’<n,n+1)  "  R(n,n+1)  *  +  R(n,n+l)“(n+l) 
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The  billet  used  for  this  calculation  has  four  different 
circumferential  zones.  In  the  first  and  second  zone  the  fiber 
cylinders  thicknesses  are  the  same,  in  the  third  zone  the  fiber 
cylinders  have  twice  the  thickness  of  the  first  two,  and  the 
fourth  zone  they  are  twice  that  of  the  third.  The  matrix 
cylinders  have  constant  thicknesses  in  all  four  zones.  There  is 
only  one  fiber  type  used  for  the  circumferential  wrapping; 
therefore,  the  thermal  expansion  coefficient  and  moduli  of 
elasticity  are  constant  along  the  radius  of  the  billet.  The 
coefficient  of  thermal  expansion  is  for  the  longitudinal 
direction  of  the  fiber.  The  transverse  thermal  expansion  of  the 
fiber  cylinder  is  added  to  that  of  the  matrix  cylinder  by  using 
the  sum  of  the  transverse  coefficient  of  expansion  of  the  fiber 
and  the  coefficient  of  the  matrix  material.  This  introduces  en 
approximation  because  the  thickness  of  the  matrix  cylinders  at 
the  inner  radius  of  the  billet  are  more, than  that  of  the  fiber  at 
the  inner  end  less  at  the  outer  radius. 


1  The  analysis  is  simplified  by  having  the  materials  for  both, 
matrix  and  fiber  cylinders,  isotropic.  It  is  important  to  insert 
the  high  transverse  thermal  expansion  of  the  fibers, and  it  is 
done  by  combining  it  with  that  of  the  matrix. 
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For  aach  cylinder,  substituting  tha  R  generated  from 
aquation  (8)  into  aquation  (6)  one  can  write 


+  ^tn+D^n+l)  +  R 
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sinilarly  far  E  and  where  R{n>n+1)  ♦  t(n+1)  -  R(n+1>n+2) 

Solving  •quation  (9)  for  aach  cylinder  gives 
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where  t  P(n+2)  -  P (n+1, n+2) ~  P(n+2,n+3)  and 
A  p(n+l)  5  P(n,n+1)  “  p(n+l,n+2) 


a  when  n  is  cxid,  and 


By  substituting  tha  value  of  tha  naan  radius,  lntercyl indrical 
radius,  tha  thickness  of  aach  cylinder,  the  value  of  moduli  of 
elasticity,  coefficients  of  thermal  expansion  and  choosing  a 
temperature  change,  a  sat  of  59  algebraic  equations  are  generated 
in  which  only  tha  pressure  at  the  inter-cylinders  are  unknown. 
Thera  are  59  unknown  pressures  in  these  59  equations,  where  three 
of  the  unknowns  are  in  each  equation  except  the  first  and  last 
which  contain  only  two  unknowns  because  the  Internal  and  external 
pressures  of  the  billet  are  zero. 

These  59  equations  were  solved  by  using  a  subroutine 
program,  LEQT2F,  In  IBM  3033  computer.  The  value  of  those  inter- 
cylindrical  pressures  are  given  in  Fig.  1.  These  pressures  can 
be  used  to  calculate  the  hoop  fiber  and  radial  fiber  stresses 
which  are  caused  by  cylindrical  anisotropy.  The  radial  stresses 
of  the  billet,  shown  in  Fig.  1,  are  almost  equal  to  the  negative 
of  the  inter-cylindrical  pressures  for  each  cylinder,  they  being 
+he  negative  of  the  average  of  the  inter-cylindrical  pressures  on 
the  two  sides  of  a  cylindrical  element. 

The  inter-cylindrical  pressure  can  now  be  inserted  into 
equation  (la)  to  obtain  the  hoop  stresses  in  the  fiber  cylinders 
which  are  given  in  Fig.  2.  The  accuracy  of  the  inter-cylindrical 
pressures  as  read  from  Fig.  1  would  not  have  sufficient  accuracy 
to  make  these  calculations  which  involve  small  differences  of 
large  numbers.  These  pressures  were  in  double  precision  in  the 
computer  calculations.  The  above  calculation  of  the  fiber  stress 
depended  on  measured  constituent  properties.  It  can  be  confirmed 
by  direct  measurement  of  the  crack  opening  which  occurs  upon 
cooling  from  the  graphitlsatlon.  Assuming  that  the  matrix  has 
little  tensile  strength  and  that  the  radial  fibers  are  debonded, 
the  radial  strain  should  be  equal  to  the  sum  of  crack  openings 
divided  by  the  radial  distance.  When  these  cracks  are  filled  by 
re-impregnation  and  the  billet  is  reheated  to  the  graphitlsatlon 
temperature  this  material  stuffed  in  the  cracks  must  be 
accommodated  by  elastic  strain. 
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CRACK  MORPHOLOGY 


-  r.o  -n.a  tt 


The  Morphology  was  determined  by  examining  the  crack  traces 
on  planes  making  equal  angles  with  the  r,  6,  and  Z-directions, 
Pig.  3.  The  quantitative,  statistical  analysis  of  the 
circumferential  crack  openings  on  0-Z  plane,  in  the  radial 
direction  were  made  on  transverse  slices  of  the  r-0  plane  (Fig. 20 
of  Reference  1.).  The  average  presented  in  Fig.  4  are  for  24 
traverses  (every  iS  degrees)  on  the  billet.  The  matrix  fractures 
were  different  in  the  three  regions  of  measurement.  In  the 
central  section  the  normalized  crack  opening  (strain  relieved  by 
cracking)  was  3.81  x  10-J  the  average  over  the  three  sections 
being  3.64  x  10”  .  (The  billet  had  four  regions  but  the 
innermost  region  had  been  machined  off  before  we  received  it.) 
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Fig.  3a.  Cylindrical  billet  and  a  radial  cut. 
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Circumferential 


Cracks  around 
radial  bundle 


Fig.  3b.  Nine  slices  of 
(111)  plane  on  radial 
sample. 
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Fig.  4.  Crack  openings  In  the  radial  direction  for  crack  planes 
on  the  (•  -  r)  plane. 

We  have  made  a  detailed  study  of  the  fabrication  cracks  in 
two  billets.  This  revealed  the  following  results:  (1)  An 
extensive  crack  structure  is  seen  in  the  circumferential  plane 
(Z-8  plane)  which  tends  to  be  periodic;  cracks  tend  to  occur 
after  each  five  or  six  circumferential  fibers,  (2)  Each  radial 
fiber  is  surrounded  by  cracks  or  at  least  on  three  sides.  These 
cracks  are  continuous  along  the  radial  fibers  through  the  billet, 
(3)  There  are  a  few  cracks  around  some  axial  fibers,  (■»)  Toward 
the  outer  radii  the  circumferential  cracks  are  short  and 
scattered  so  that  the  tracing  of  them  is  not  possible,  (5)  About 
60%  of  the  observed  crack  length  is  circumferential  and  about  40% 
surrounds  the  radial  fibers. 

Semi-quantitative  prediction  of  the  amount  of  crack  opening 
may  reveal  what  is  happening  during  fabrication.  First  let  us 
assume  that  at  the  graphitization  temperature  (a)  creep  and 
property  changes  result  in  a  stress-free  state,  (b)  upon  cooling 
the  radial  fibers  debond  and  remain  stress-free,  (c)  transverse 
tensile  strength  of  the  fibers  and  that  of  the  matrix  is 
negligible. 

The  change  in  radial  distance  between  the  outermost 
circumferential  bundles  at  radiuB  R  and  the  innermost  at  R,  upon 
cooling  is  °  * 


<RC  -  R. )  aA  AT 
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where  <x.  is  the  coefficient  of  thermal  expansion  along  the  axis 
of  the  Bundle.  The  change  in  radial  distance  considering  the 
transverse  contraction  of  the  fibers  and  of  the  matrix  upon 
cooling  Is 

_  (R  -  R. )  oAT  (12) 

O  X 

where  ot  is  an  appropriately  weighted  average  of  the  coefficient 
of  thermal  expansion  of  the  fibers  in  the  transverse  direction 
and  that  of  the  natrix.  The  anount  of  normalized  crack  opening 
then  would  be 
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Using  «  -  1.4  x  10-6  F-1,  Ot  -  6.6  x  10_6P  1  ,  and  -  5000°F, 

where  tne  alphas  are  approximate  median  values  based  on  many 
reports  and  are  probably  valid  to  one  significant  figure,  the 
calculated  normalized  crack  opening  is  26  x  10-3. 

Figure  4  shows  values  of  crack  openings  which  are  typical  of 
those  of  one  billet  measured  in  Reference  1.  Notice  that  the 
average  measured  value  is  about  3.6  x  10  .  This  value  is  an 

order  of  magnitude  less  than  that  predicted.  This  discrepancy 
may  indicate  that  the  stress  has  not  been  completely  relieved  at 
the  graphitizatlon  temperature.  It  must  be  remembered  that  no 
creep  data  has  been  published  for  graphltized  impregnated 
bundles;  estimates  of  stress  relief  have  been  made  from  creep 
studies  on  bulk  graphite. 

On  the  other  hand,  one  could  make  the  assumption  that  stress 
still  exists  at  the  graphitizatlon  temperature.  Therefore, 
superimposed  on  the  above  must  be  the  elastic  changes  of  the 
billet  that  occur  upon  cooling  from  graphitizatlon.  Because  of 
the  tensile  stresses  at  the  outer  radii  of  the  billet,  the 
elastic  strain  tends  to  reduce  its  radius  whereas  at  the  inner 
radius,  since  the  stresses  are  compressive,  the  radius  increases. 
These  changes  in  radii  tend  to  close  some  of  the  cracks  mentioned 
above.  Furthermore  the  matrix  material  between  the  outermost  and 
innermost  radius  being  in  compression  will  expand  upon  release  of 
the  thermal  stress.  This  elastic  closure  should  account  for  much 
of  the  difference  between  the  predicted  value  of  crack  opening 
and  that  observed. 

The  stress  at  the  start  of  cooling  from  graphitizatlon  must 
be  very  dependent  on  the  thermal  history  within  the  billet  which 
may  not  be  known  exactly.  The  second  billet  studied  in  Reference 
1  had  about  three  times  the  normalized  crack  opening  of  the  one 
cited  above  which  would  be  consistent  with  much  more  stress 
relief. 


The  above  is  only  an  order  of  magnitude  calculation.  It 
does  reveal  the  following: 

1.  to  reduce  cracking  a  pitch  should  be  selected  so  that  at 

graphitizatlon  temperature  it  has  a  minimum  reduction  in 
volume. 
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2.  the  graphitization  temperature  snould  be  as  low  as  possible 
to  minimize  relief  of  stress  due  to  creep  in  the 
circumferential  bundles. 

The  above  calculation  is  an  elastic  one  assuming  a 
continuous  medium,  that  is,  the  cracks  have  been,  filled  and 
therefore  reversible  behavior  should  occur  upon  cooling  form  the 
graphitization  temperature,  the  billet  should  return  to  the 
assumed  initial  stress-free  state.  It  has  not  accounted  for  the 
decrease  in  volume  which  occurs  during  carbonization  and 
graphitization  of  the  pitch  which  was  added  in  the  last 
impregnation.  If  this  is  considered,  it  is  not  a  reversible 
process  but  residual  stresses  would  exist  at  the  lower 
temperature  which  would  have  signs  opposite  to  those  at  the 
higher  temperature  and  of  an  amount  equal  to  (change  in  density 
of  the  pitch/initial  density  of  the  pitch)  of  those  at  the  higher 
temperature.  This  does  substantially  reduce  the  calculated 
stresses.  These  residual  stresses  are  fictitious  ones  Introduced 
by  the  model.  In  the  billet  these  stresses  should  be  greatly 
relieved  by  extensive  cracking. 


WRAPPING 


Qverwrapplnq 

To  calculate  the  processing  stress  levels  of  the  billet,  it 
was  assumed  that  five  fiber  wraps  of  the  same  type  and  size  as 
the  outer  radii  fiber  bundles  were  added  to  the  outer  diameter  of 
the  billet  during  preform  fabrication.  Calculated  stress  levels 
of  this  billet  showed  a  shift  of  high  tensile  stresses  the  outer 
diameter  to  the  overwrap  region  thereby  causing  a  reduction  in 
the  stress  levels  of  the  main  billet’s  outermost  fiber. 


Underwrapping 

The  addition  of  five  fiber  wraps  of  the  same  type  and  size 
to  the  inner  diameter  of  the  billet  was  assumed  during 
fabrication  of  the  preform.  The  calculations  showed  a  reduction 
e»  the  compressive  stress  levels  at  the  innermost  hoop  fiber  of 
the  main  billet  slightly  more  than  at  the  outermost.  This  can 
reduce  the  possibility  of  buckling  of  the  inner  radii  hoop 
fibers. 

Overwrapping  is  a  process  that  needs  little  clarification 
but  "underwrapping"  does.  One  way  to  achieve  this  is  to  have  a 
cylindrical  mandrel  of  bulk  graphite  around  which  is  wrapped  the 
extra  circumferential  bundles  of  the  underwrapping.  The  bundles 
of  billet  are  then  laid-up  on  this  mandrel  and  the  assembly 
impregnated,  carbonized  and  graphitized.  The  extra  support 
provided  by  the  circumferential  bundles  at  the  inner  bore  would 
reduce  compression  on  the  bore  occurring  on  cooling  from 
graphitization. 
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OjiSI"  Underwrappinq  -  Assuming  the  addition  of  over  and 
underwraps  to  the  billet  will  have  the  combined  effects  both  of 
which  Introduces  a  lower  processing  stress  levels  into  the  entire 
billet.  Pig.  5  shows  their  combined  effect.  This  model  does  not 
calculate  the  full  amount  of  the  stress  in  the  wrapping  because 
it  does  not  include  the  intersurface  pressures  from  the 
transverse  thermal  expansion  of  the  added  bundles.  Even  so,  the 
possibility  of  rupture  should  be  reduced  because  all  of  the 
fibers  in  these  added  cylinders  are  in  the  circumferential 
direction,  the  bundles  are  free  of  stress  variations  caused  by 
adjacent  bundles  transverse  to  them,  and  the  bundles  are  free  from 
the  stress  caused  by  the  expansion  of  matrix  pockets. 

MOIUS  (MO"*  ■) 


>.12  1.23  1.44  1 .44  1.44  2.14  2.39 


Fig.  5.  Effect  of  underwrap  and  overwrap  on  hoop  fiber  stresses. 


DISCUSSION 

It  must  be  emphasized  that  the  stresses  predicted  in  this 
report  are  Impossible  to  measure  and  the  validity  of  the  many 
assumptions  that  were  made  cannot  be  checked;  however,  the 
damage  caused  by  them  is  real  and  observable.  The  calculations 
based  on  our  model  show  general  trends  which  agree  with 
calculations  based  on  quite  different  models.  The  anisotropic 
thermal  stress  distribution  based  on  a  continuum  model  and 
calculated  by  the  SAAS  Program,  [Reference  3,  Pig.  B6]  and  that 
presented  from  calculations  on  our  heterogeneous  model  in  Pig.  1 
have  the  same  general  features  as  our  concentric  cylinder  model. 
This  agreement  gives  confidence  in  both  of  the  models,  even 
though  use  of  different  material  properties  and  lay-up  prevents 
quantitative  comparison.  (The  magnitude  of  the  stresses  in  Fig. 
BS  of  Reference  3  are  for  the  synthetic  composite  continuum, 
whereas  the  ones  in  Pig.  1  are  just  for  the  fibers  and  therefore 
they  are  not  directly  comparable.) 


we  ere  aware  that  the  properties  change  with  temperature, 
with  repeated  thermal  treatments,  and  that  carbon  is  not  linearly 
elastic.  We  also  acknowledge  that  the  properties  assigned  to  the 
two  types  of  cylinders  are  a  synthesis:  the  "fiber"  cylinders 
contains  soae  matrix  and  the  "matrix"  cylinders  account  for  the 
transvdrse  properties  of  the  fiber  bundles.  The  values  used  for 
their  properties  might  be  refined  by  more  careful  consideration 
of  the  interaction  of  their  constituents  in  the  manner  used  in 
Reference  4. 


COHCLUSIOMS 


(a)  it  has  been  shown  here  that  the  stresses  which  occur  by 
filling  the  cracks  with  pitch  and  then  reheating  to  the 
graphl fixation  temperature  are  appreciable.  These  stresses 
have  a  tensile  maximum  in  the  circumferential  fibers  at  the 
outer  radius  of  the  billet  and  a  compressive  one  at  the 
inner  radius,  mesa  stresses  have  probably  caused  the 
failures  which  have  occurred  during  fabrication. 

(b)  The  analysis  has  shown  that  overwrapping  can  transfer  the 
peak  tensile  stuffing  stress  from  the  billet  to  the 
overwrapping  and  thereby  might  prevent  billet  failure.  The 
overwrap  would  have  higher  strength  than  the  outer  layers  of 
the  billet  because  the  overwrap  can  have  all  the  fiber 
bundles  oriented  in  the  direction  of  the  peak  stress. 

(c)  The  analysis  also  shows  that  "underwrapping",  that  is 
adding  material  at  the  inner  radius,  can  transfer  the 
maximum  compressive  stuffing  stresses  away  from  the  billet. 
It  should  be  possible  to  design  an  underwrap  with  a  higher 
compressive  strength  than  the  billet. 

(d)  Using  pitch  with  low  reduction  in  volume  on  carbonization 
and  denslf icatlon  should  minimize  cracking. 

(e)  Graphltlzatlon  at  the  lowest  feasible  temperature  should 
also  minimize  cracking. 

(f)  It  has  been  observed  that  the  cracking  which  occurs  upon 
cooling  from  graphltlzatlon  consists  primarily  of 
circumferential  cracks.  This  morphology  should  be 
considered  in  service  stress  calculations  and  in 
consideration  of  ablation. 

(g)  It  has  been  obaerved  that  most  of  the  radial  bundles  are 
enclosed  by  a  continuous  crack  extending  from  the  bore  to 
the  outside  of  the  billet.  The  function  of  the  radial 
bundles  during  fabrication  and  use  should  be  re-evaluated. 

(h)  Comparison  of  measured  crack  openings  with  ©rder-of- 
magnitude  calculations  indicate  that  during  graphltlzatlon 
the  billet  may  not  have  all  of  the  stress  relieved. 
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